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RESUMO

A tuberculose persiste como uma séria ameaca a saude global, sendo a principal causa de morte
por doencga infecciosa. O controle da doenga ¢ um desafio, especialmente diante do aumento
das cepas resistentes a medicamentos. Além disso, as micobactérias ndo-tuberculosas estdo
emergindo como uma fonte significativa de infec¢des, com opgdes de tratamento limitadas. A
propolis vermelha brasileira (PVB) tem despertado interesse devido as suas propriedades
antibacterianas promissoras, porém seu potencial contra o género Mycobacterium ainda nao
havia sido explorado na literatura. Este estudo objetivou investigar, in vitro, o potencial
antimicobacteriano do extrato hidroalcoolico bruto de PVB (EBPVB), tanto isoladamente
quanto em combinacdo com antibidticos padrdo, por meio da determinacdo da Concentragdo
Inibitéria Minima e do Indice de Concentragio Inibitoria Fracionada (CIM/ICIF), avaliar seu
efeito na inibicdo da formacdo de biofilmes, verificar sua citotoxicidade em macréfagos Raw
264.7 ¢ analisar sua eficacia contra bacilos intracelulares, utilizando cultura de células ¢ ensaio
de luminescéncia. Os resultados revelaram que o EBPVB apresentou atividade satisfatoria
contra a maioria das cepas testadas, com CIMs variando entre 31,25 ¢ 250 pg/mL, destacando-
se sua eficacia contra M. tuberculosis isolado clinico resistente a rifampicina. A associagdo do
EBPVB com isoniazida e rifampicina teve um efeito indiferente, o que viabilizaria sua
coadministragdo, pois, além da agdo sinérgica, a propolis pode oferecer beneficios adicionais,
como a modulagdo da resposta imunoldgica. Além disso, o EBPVB demonstrou eficacia na
inibi¢do da formacdo de biofilmes micobacterianos e redugdo de sua viabilidade, nao
apresentou citotoxicidade relevante nas concentragdes equivalentes a CIM e 2 CIM das
micobactérias analisadas e demonstrou notavel capacidade de erradicar bacilos
intramacrofagicos, comparavel ou superior ao antibiotico isoniazida. Pode-se concluir que o
EBPVB demonstra uma atividade antimicobacteriana promissora, contudo, sdo necessarios
estudos adicionais para avaliar seus efeitos in vivo e suas propriedades contra as diferentes

espécies de Mycobacterium.

Palavras-chave: Mycobacterium. Propolis vermelha brasileira. Atividade antibacteriana.



ABSTRACT

Tuberculosis remains a significant global health concern, being the primary cause of death from
infectious diseases. Controlling the disease is challenging, particularly with the rise of drug-
resistant strains. Additionally, non-tuberculous mycobacteria are increasingly causing
infections, with limited treatment options available. Brazilian red propolis (BRP) has attracted
attention due to its potential antibacterial properties, but its efficacy against the Mycobacterium
is largely unexplored. This study aimed to assess the in vitro antimycobacterial potential of
BRP’s crude hydroalcoholic extract (CHEBRP), both alone and in association with standard
antibiotics. The investigation included determining the Minimum Inhibitory Concentration and
Fractional Inhibitory Concentration Index, assessing the inhibition of biofilm formation,
evaluating cytotoxicity in Raw 264.7 macrophages, and testing efficacy against intracellular
bacilli. CHEBRP showed significant activity against most tested strains, notably against
rifampicin-resistant M. tuberculosis. Administering it alongside isoniazid and rifampicin had
an indifferent effect, suggesting that its co-administration is feasible, as, in addition to the
synergistic action, propolis may offer additional benefits, such as modulation of the immune
response. Furthermore, CHEBRP inhibited mycobacterial biofilm formation, demonstrated low
cytotoxicity, and effectively eradicated intramacrophagic bacilli. In conclusion, CHEBRP
exhibits promising antimycobacterial activity, warranting further research to evaluate its in vivo

effects and efficacy against Mycobacterium species.

Keywords: Mycobacterium. Brazilian red propolis, Antibacterial activity.
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APRESENTACAO

A tuberculose (TB) permanece como um dos maiores desafios para a saude publica
global, figurando entre as principais causas de mortalidade por doengas infecciosas, superada
apenas pela COVID-19. A Organizacdo Mundial da Satde (OMS) reconhece a gravidade da
situacdo e declarou a TB como uma emergéncia de saude publica mundial. Em 2014, refor¢ou
a luta contra a doenga com o documento “The End TB Strategy”, que almeja uma redugao de
95% na incidéncia global da TB até 2035.

Apesar de a TB ser uma enfermidade tratdvel e curdvel, a resisténcia aos
medicamentos tem crescido devido ao uso inadequado e incompleto dos tratamentos
disponiveis. Além disso, as micobactérias nao-tuberculosas (MNTSs), como M. avium e M.
kansasii, surgem como patdogenos oportunistas com crescente relevancia clinica, especialmente
em individuos imunocomprometidos. Essas bactérias sdo amplamente encontradas no
ambiente, em equipamentos industriais e hospitalares, além de produtos alimenticios, animais
e plantas, criando possiveis fontes de contaminacao e doenga em humanos.

A composicao peculiar da parede celular das micobactérias, incluindo acidos
micdlicos e arabinogalactano, confere-lhes resisténcia a muitos antibidticos e capacidade de
sobrevivéncia no interior de macréfagos. Isso destaca a necessidade urgente de novos
tratamentos, que possam penetrar e atuar eficazmente dentro dessas células imunes.

Neste contexto, a ciéncia contemporanea tem direcionado esforgos para a
exploracdo de produtos naturais como alternativas terapéuticas. A propolis, uma substancia
resinosa coletada por abelhas a partir de plantas, tem ganhado destaque devido a sua vasta gama
de compostos bioativos, como flavonoides e terpenoides, conhecidos por suas propriedades
antibacterianas, antioxidantes, antifungicas, antivirais, antitumorais ¢ imunomoduladoras.

Entre os diversos tipos de propolis, a propolis vermelha brasileira (PVB),
caracterizada por sua composi¢do rica em isoflavonoides e benzofenonas preniladas, tem
mostrado potencial significativo contra diversas bactérias. No entanto, a eficacia da PVB contra
micobactérias, especialmente no contexto de infecgdes como a TB e infecgdes por MNTSs, ainda
nao foi explorada profundamente.

Este trabalho visou preencher essa lacuna do conhecimento, investigando in vitro o
potencial antimicobacteriano do extrato bruto de propolis vermelha brasileira (EBPVB). Foi
avaliado a sua capacidade de inibir a formagao de biofilmes, sua agao sinérgica com antibidticos

convencionais e sua eficacia contra bacilos intracelulares. A pesquisa buscou contribuir para o
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desenvolvimento de novos agentes terapéuticos que possam oferecer alternativas eficazes e com
menos efeitos adversos em comparacao com as drogas sintéticas atualmente disponiveis.

A dissertacao esta estruturada em dois capitulos principais. O Capitulo I apresenta
uma revisao da literatura sobre produtos naturais com énfase na propolis vermelha brasileira e
suas aplicagdes farmacologicas e antimicrobianas, além de abordar aspectos relevantes do
género Mycobacterium. O Capitulo II, intitulado "Brazilian Red Propolis against
Mycobacteria: In vitro assessment of antibacterial potential, synergistic activity, biofilm
inhibition, and intramacrophage action", trata-se do manuscrito a ser submetido para publicagao
no periddico Molecules - ISSN: 1420-3049 (Fator de Impacto 4.6, Qualis CAPES A2 — Ciéncias
Ambientais), em 2024, apresentando os resultados das investigagdes realizadas, incluindo a
determinacdo da Concentracio Inibitéria Minima, o Indice de Concentracdo Inibitoria
Fracionada, a avaliacdo da inibicao da formagao de biofilmes, a citotoxicidade em macréfagos
Raw 264.7 e a eficacia contra bacilos intracelulares.

Espera-se que os resultados desta pesquisa incentivem novos estudos para a
identificacao de constituintes quimicos, a padronizagao de extratos, a avaliacao da estabilidade
e a realizagao de pesquisas pré-clinicas sobre a eficacia e seguranga da propolis vermelha
brasileira. Além disso, almeja-se que avancem os estudos farmacologicos e toxicologicos,

abrindo novas perspectivas para o tratamento das infeccdes micobacterianas.
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CAPITULO 1

Fundamentacao teorica
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1 PRODUTOS NATURAIS

Os Produtos Naturais (PNs) sdo metabdlitos sintetizados por organismos, como
plantas, animais vertebrados, insetos, corais, algas e microrganismos, durante suas atividades
vitais. Esses compostos tém sido um tesouro valioso para a pesquisa e desenvolvimento de
medicamentos. Entre janeiro de 1981 e setembro de 2019, a maioria dos farmacos de pequenas
moléculas aprovados pela agéncia americana FDA foi derivada direta ou indiretamente de PN,
destacando sua relevancia historica e contemporanea (NEWMAN; CRAGG, 2020).

A busca por compostos bioativos na natureza tem uma longa histéria. Por exemplo, os
curares, obtidos de plantas como Chondodendron e Strychnos, eram usados por nativos sul-
americanos em suas flechas de caga para paralisar animais. O alcaloide d-tubocurarina, isolado
dessas plantas, serviu como precursor para bloqueadores neuromusculares em anestesias
(PEREIRA et al., 2015).

O 4cido acetilsalicilico (AAS), pioneiro dos farmacos sintéticos, foi originalmente
derivado da casca de salgueiro (Salix alba) e sintetizado em 1897 por Felix Hoffman. Além de
aliviar dores e febres, o AAS tem efeitos analgésicos, antipiréticos e previne doengas
cardiovasculares devido as suas propriedades antiplaquetarias (MCCURDY; SCULLY, 2005).

A penicilina, descoberta por Alexander Fleming em 1928, revolucionou o
tratamento de infecgdes bacterianas. Essa substancia antibiotica ¢ produzida por fungos do
género Penicillium (RAMIREZ-RENDON et al., 2022).

Outro exemplo € o captopril, um medicamento anti-hipertensivo que inibe a enzima
conversora de angiotensina (ECA). Sua descoberta envolveu a pesquisa do veneno da serpente
jararaca (Bothrops jararaca) e a identificacdo da bradicinina, essencial para entender o sistema
renina-angiotensina no controle da pressao arterial (BARREIRO, 2019).

Essa retomada historica inspira investigacdes na descoberta de medicamentos a
partir de PNs e evidencia a interconexao entre tradicdo e inovagdo na evolucao da medicina.
Nesse contexto, a Organiza¢do Mundial da Saude (OMS) enfatiza a importancia de integrar as
Medicinas Tradicionais e Complementares nos sistemas de saude nacionais, como as “Praticas
Integrativas e Complementares” (PICs) no Brasil. Essas abordagens terapéuticas baseiam-se
em conhecimentos tradicionais e saberes populares, incluindo praticas como a apiterapia, com

0 objetivo de estimular a prevencao, promocao e recuperacao da saude (WHO, 2013).
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2 APITERAPIA

A apiterapia utiliza produtos das abelhas como mel, propolis, geleia real, cera,
apitoxina e outros para prevenir ou tratar doengas, uma pratica milenar adotada por diversos
povos. No Brasil, essa pratica ganhou destaque ndo apenas pela qualidade dos produtos
apicolas, mas também pela quantidade significativa de pesquisas e artigos relacionados.
Estudos bibliométricos mostram que nosso pais ocupou a primeira posicdo no numero de
publicacdes cientificas sobre apiterapia entre 1980 e 2016, seguido pelos Estados Unidos,
China, Japao e Turquia (SENEL; DEMIR, 2018).

A apicultura no Brasil teve inicio oficial em 1839 com a importagao de colonias de
abelhas da espécie Apis mellifera scutellata de Portugal. Posteriormente, outras espécies foram
introduzidas por imigrantes europeus. Em 1956, a introdu¢ao das abelhas africanizadas pelo
professor Warwick Estevan Kerr teve um impacto significativo na apicultura brasileira,
resultando na "abelha africanizada", que se mostrou resistente a diversas pragas e doengas,
fortalecendo o setor nacional (DA SILVA et al., 2018).

Os produtos apicolas, como a prépolis, além do mel, t€ém sido estudados por suas
propriedades nutricionais e medicinais desde tempos antigos. A pesquisa sobre propolis cresceu
substancialmente na segunda metade do século XX, com estudos abordando sua quimica,
origem botanica e propriedades biologicas, destacando seu potencial na descoberta de

medicamentos naturais (CORNARA et al., 2017).

3 PROPOLIS

A prépolis ¢ um produto natural elaborado pelas abelhas a partir de resinas, gomas
e balsamos coletados de plantas, os quais sdo misturados com saliva, cera e pdlen dentro das
colmeias. Este composto desempenha um papel crucial na protecdo das colmeias, oferecendo
defesa contra invasores e contribuindo para a manuten¢do da satide das abelhas e sua prole
(SFORCIN; BANKOVA, 2011).

A palavra "préopolis" deriva do grego "pro" (em defesa) e "polis" (cidade ou
comunidade), destacando sua funcdo defensiva nas colmeias. Utilizada ha séculos na medicina
popular, foi reconhecida cientificamente como uma substancia terapéutica no século XVI,
ganhando interesse crescente desde entdio (MARTINOTTI; RANZATO, 2015).

No Brasil, o estudo da propolis ganhou destaque a partir das contribuigdes de

pesquisadores como Ernesto Ulrich Breyer, que demonstraram suas propriedades
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antibacterianas e outros efeitos benéficos. Mais de 300 compostos foram identificados nas
propolis, incluindo flavonoides, terpenos e terpenoides, os quais apresentam diversas atividades
biologicas comprovadas, como antibacteriana, antioxidante, antifungica, antiviral, antitumoral
e imunomoduladora (SALATINO; NEGRI, 2021).

A diversidade das propolis brasileiras € notavel, variando em composi¢do quimica
e cores que vao do amarelo-escuro ao verde, influenciadas por fatores como a localizacdo
geografica, a origem botanica das resinas, as espécies de abelhas, variagdes sazonais € métodos
de extragdao. Essas caracteristicas conferem as propolis brasileiras uma gama ampla de

potenciais aplicagdes farmacologicas e terapéuticas (REGUEIRA et. al., 2017).

4 PROPOLIS VERMELHA BRASILEIRA

Em 2008, foi identificado o décimo terceiro tipo de propolis brasileira,
caracterizado pela sua tonalidade vermelha e encontrado em colmeias localizadas ao longo da
costa maritima e rios na Regido Nordeste do Brasil, principalmente nos estados de Alagoas,
Pernambuco e sul da Bahia (VIDAL, 2021).

Em razdo do elevado teor de compostos fenolicos, inédito em qualquer outra
variedade de propolis, o Instituto Nacional de Propriedade Industrial (INPI) conferiu, em 2012,
uma certificag@o internacional a propolis vermelha de Alagoas, reconhecendo o estado como o
unico produtor global desse tipo especifico de propolis. Esse reconhecimento, associado a
singularidade de compostos quimicos encontrados no produto, conferiu-lhe um notével valor
comercial. Paralelamente, a propolis vermelha brasileira (PVB) tem despertado interesse
crescente devido as suas propriedades terap€uticas ja atestadas em diversos estudos (BOEING

etal., 2021).

4.1 Origem Botanica e Dominios Fitogeograficos

De acordo com Kim e Park (2020), a melhor maneira de identificar a origem
botanica da propolis ¢ analisar sua composi¢do quimica € compara-la com a constitui¢ao
quimica da provavel fonte vegetal.

Isso foi observado em estudos independentes de Silva et al. (2008) e Daugsch et al.
(2008) com o novo tipo de propolis descoberto. Dessa maneira, foram coletadas amostras da
PV, assim como dos exsudatos de plantas autdctones. Os perfis fitoquimicos foram obtidos por

técnicas de cromatografia e espectroscopia, e correlacionados. Diante dos resultados e pela
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observacdo do comportamento das abelhas meliferas forrageiras que coletavam uma resina
vermelha produzida por plantas da Familia Fabaceae (Leguminosae) e a utilizavam na
producdo de propolis, concluiram que a espécie Dalbergia ecastaphyllum (L.) Taub.
(Fabaceae) era a fonte botanica principal da propolis vermelha.

Dalbergia  ecastaphyllum, popularmente chamada de “rabo-de-bugio”,
“marmeleiro-da-mata” ou “veronica-branca” ¢ reconhecida por seu pigmento vermelho intenso.
E uma planta que pode ser encontrada tanto como uma trepadeira quanto um arbusto
escandente, alcangando alturas de 1 a 3 metros. Seu crescimento ¢ ramificado desde a base, e
suas folhas sdo ovais ou alongadas, enquanto suas flores apresentam uma coloracdo que varia
entre rosa e branca.

Essa espécie possui distribuicao global, sendo encontrada no Brasil nos
ecossistemas da Amazonia e da Mata Atlantica, ocupando areas como dunas arenosas, regides
de mata aberta, campos arbustivos na regido costeira, além das margens de manguezais e
estuarios. A presenca de D. ecastaphyllum esta confirmada em vérias regides, abrangendo o
Norte (Para e Amapa), o Nordeste (Alagoas, Bahia, Ceara, Maranhao, Paraiba, Pernambuco,
Rio Grande do Norte e Sergipe), o Sudeste (Espirito Santo, Rio de Janeiro e Sdo Paulo) e o Sul
(Parana, Rio Grande do Sul e Santa Catarina). Essa ampla distribui¢do geografica ¢ um
testemunho da adaptabilidade e da capacidade dessa espécie de prosperar em diversas condigdes
ambientais (CORADIN; CAMILLO; VIEIRA, 2022).

Um estudo recente em apiarios da regido Nordeste do Brasil demonstrou que a
liberacdo da resina avermelhada de D. ecastaphyllum ¢ um mecanismo de defesa da planta
contra o ataque de uma espécie de besouro batizada de Agrilus propolis (Buprestidae), sendo
este, portanto, um indutor da produgdo de PV. Tal fendmeno ainda ndo foi registrado em outras
regides produtoras do mundo (MIGLIORE et al., 2022).

Além disso, analises fitoquimicas e cromatograficas confirmaram recentemente
uma fonte botanica secundaria da PV daquela regido: Symphonia globulifera L.f. (Clusiaceae),
conhecida por “oanani”, “guanandi” e “ananim”, que contribui com uma variedade de
constituintes quimicos para a composicdo do produto, principalmente benzofenonas

polipreniladas (CCANA-CCAPATINTA et al., 2020).
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4.2 Composi¢do Quimica e Atividade Bioldgica

De maneira geral, a PVB ¢ composta por flavonoéis (quercetina, retusapurpurina B
e A, sendo estes ultimos responsaveis pela cor vermelha do produto); flavanona
(liquiritigenina), isoflavonas (daidzeina, formononetina, biochanina A , 7,4'-diidroxi-
isoflavona), isoflavonoides (neovestitol, vestitol, e 4'-7-dimetoxi-2'-isoflavonol),
neoflavonoides (dalbergina), chalcona (isoliquiritigenina), pterocarpanos (medicarpina e
homopterocarpina) e benzofenonas polipreniladas (guttiferona E, xantochimol e
oblongifolinas), sendo que maioria desses compostos nao foi encontrada nos outros tipos de
propolis brasileira, o que confere & PVB uma singularidade quimica (ALDANA-MEJIA et al.,
2021).

Estudos indicam que a atividade bioldgica da PVB esta principalmente associada a
presenga do flavonol kaempferol, formononetina e outras isoflavonas, que podem agir de
maneira sinérgica com outros compostos (DE OLIVEIRA et al., 2019; DO NASCIMENTO et
al., 2018). A formononetina desempenha um papel crucial nesse contexto, sendo considerada
um marcador importante na identificagdo da PVB (TRUSHEVA et al., 2006; DAS NEVES et
al., 2016), além dos compostos isoliquiritigenina, medicarpina, biochanina A e pinocembrina
(DO NASCIMENTO et al., 2018). O kaempferol, por sua vez, ¢ reconhecido por suas
propriedades antioxidantes (KIM; PARK, 2020), enquanto o vestitol, neovestitol e outros
componentes quimicos foram investigados quanto a sua atividade antitumoral (NANI et al.,
2018; SALEHI; HOSSEINI; KAZEMI, 2022).

Além disso, outras pesquisas tém demonstrado atividades biologicas relevantes tais
como, propriedades antiparasitarias (DANTAS et al., 2017), antifungicas (DAS NEVES et al.,
2016), e at¢ mesmo antivirais, incluindo agao contra o virus SARS-CoV-2 (REFAAT et al.,
2020), além de propriedades anti-inflamatorias (KITAMURA et al, 2018) e
imunomoduladoras (MOISE; BOBIS, 2020), entre outras.

A literatura também destaca a atividade significativa dos extratos de prépolis
vermelha e seus metabdlitos secundarios contra diversas bactérias, tanto Gram-positivas quanto
Gram-negativas, associadas a doengas humanas, como enfermidades bucais, infecgdes cronicas
sistémicas e nosocomiais, incluindo aquelas que desenvolveram resisténcia a multiplos
medicamentos (FREIRES; DE ALENCAR; ROSALEN, 2016; RUFATTO et al., 2018). No
entanto, estudos sobre a atividade antimicrobiana do EBPVB contra espécies do género

Mycobacterium ndo foram reportados.
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5 GENERO MYCOBACTERIUM

O género Mycobacterium foi inicialmente proposto por Lehmann ¢ Neuman em
1896 para acomodar organismos que, aquela época, eram considerados intermedidrios entre
fungos e bactérias (MEEHAN et al., 2021). As micobactérias sdo bacilos delgados, retos ou
ligeiramente curvos, pleomorficos, aerdbios ou microaero6filos, imoveis e incapazes de produzir
esporos, conidios ou capsulas. Apesar de serem classificadas como Gram-positivas, nao
adquirem coloracao durante o procedimento de coloracdo de Gram, sendo preferencialmente
coradas pelos métodos de Ziehl-Neelsen e Kenyon. Ambas as técnicas usam a carbolfucsina,
proporcionando uma tonalidade vermelha as micobactérias. Em virtude de sua resisténcia a
descoloragdo subsequente com solucao alcool-acido, essas bactérias foram designadas como
BAAR - "bacilos alcool-acido resistentes" (FORBES, 2017).

Essa caracteristica de coloracdo ¢ atribuida ao elevado teor de lipidios,
aproximadamente 60%, que compde a parede celular das micobactérias. Essa estrutura ¢
predominantemente formada por uma membrana citoplasmatica revestida por uma espessa
camada de peptidoglicano (acido N-glicolilmuramico), covalentemente ligado as cadeias de
arabinogalactano (polissacarideo) que, por sua vez, sdo esterificadas em suas extremidades com
acidos graxos de cadeia longa, conhecidos como 4cidos micélicos. Além disso, hé proteinas e
lipidios nao ligados covalentemente a esse esqueleto basal (complexo arabinogalactano-
peptidoglicano). Entre esses componentes, destaca-se o acido micoélico, responsavel
principalmente pela resisténcia das micobactérias a descoloragao por alcool-acido, assim como
a acdo de diversos agentes quimicos e antibioticos, e pela capacidade de formagao de biofilmes
(HOLZHEIMER; BUTER; MINNAARD, 2021).

O ritmo de multiplicacao ¢ tipicamente lento e exibe consideravel variagao no
género, permitindo classifica-las em micobactérias de crescimento rapido, com
desenvolvimento visivel em menos de sete dias, ¢ micobactérias de crescimento lento, com
crescimento visivel apos mais de sete dias (GAGNEUX, 2018). A maioria das espécies ¢
saprofita, prosperando e se reproduzindo em ambientes naturais, enquanto uma parcela
minoritaria adapta-se ao ambiente intracelular, tornando-se patogenos preferenciais de
vertebrados superiores (JACOBO-DELGADO et al., 2023).

De acordo com a curadoria conduzida pelo projeto "List of Prokaryotic Names with
Standing in Nomenclature" (LPSN), o género Mycobacterium abrange atualmente 195 espécies.
Complexos e grupos dentro desse género estdo constantemente sujeitos a subdivisdes ou

reclassificagdes por causa do sequenciamento gendmico completo e pela crescente variedade
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de alvos genéticos que ampliam o poder discriminatorio (ARMSTRONG; EISEMANN;
PARRISH, 2023).

Tao abrangente quanto a classificagdo das micobactérias ¢ a sua capacidade de
causar doencas em humanos. Algumas espécies sao patdgenos estritos, enquanto outras sao
oportunistas ou ndo patogé€nicas. Assim, além da classificagdo com base na velocidade de
crescimento, € possivel categorizar as micobactérias em duas amplas classes, conforme descrito

por Runyon e colaboradores: aquelas que causam tuberculose (Complexo Mycobacterium

tuberculosis), € as micobactérias nao tuberculosas (MNT) (TURENNE, 2019).

6 COMPLEXO MYCOBACTERIUM TUBERCULOSIS

O complexo Mycobacterium tuberculosis (CMTB) é composto pelas espécies M.
tuberculosis, M. bovis, M. africanum, M. canetti, M. microti, M. pinnipedi € M. caprae, capazes
de desencadear a tuberculose (TB), uma doenga infectocontagiosa de evolugdo cronica. No
ambito da saude publica, destaca-se a M. tuberculosis, também conhecida como bacilo de Koch
(BK), em homenagem ao bacteriologista alemao que identificou esse microrganismo como
agente etiologico em 1882 (KOCH; MIZRAHI, 2018).

A TB afeta mais de um terco da populacdo mundial e figura entre as principais
causas de doenga e mortalidade, constituindo a segunda causa de morte por uma patologia
infecciosa, ficando atrds apenas da Covid-19. Para enfrentar esse desafio, os Objetivos de
Desenvolvimento Sustentdvel (ODS) estabelecidos pela ONU e a Estratégia de Erradicacao da
Tuberculose da OMS estabeleceram metas ambiciosas para melhorar substancialmente esse
panorama, incluindo uma reducao de 90% nas mortes e de 80% na incidéncia entre os anos de
2015 ¢ 2030 (WHO, 2015).

No entanto, a doenga permanece como um desafio persistente para a saude publica
global. Conforme destacado pela propria OMS, em 2021 a pandemia de Covid-19 provocou um
retrocesso nos progressos alcancados ao longo dos anos no controle da TB, exigindo uma
reestruturacao de iniciativas, servicos e infraestruturas de satide em todos os paises (WHO,
2022).

No territdrio brasileiro, durante o ano de 2022, foram registrados oficialmente
78.057 novos casos de TB, o que representa um coeficiente de incidéncia de 36,3 casos por 100
mil habitantes. Estes casos estdo predominantemente concentrados em grupos sociais

vulnerdveis, tais como pessoas em situacdo de pobreza e fome, individuos privados de
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liberdade, minorias étnicas (como os indigenas) e aqueles vivendo com HIV/AIDS (BRASIL,
2023).

A doenca ¢ transmitida quando individuos com TB pulmonar liberam o agente
infeccioso no ar por meio da fala, tosse ou espirro. Ao longo de milénios de coevolugdao com o
Homo sapiens, o M. tuberculosis desenvolveu uma notavel capacidade de adaptacdo ao sistema
imunolégico humano. Seu ciclo de vida ¢ condicionado a sua habilidade de interagir com o
sistema imunoldgico de maneiras diversas: o BK evita a resposta imune inicial, persiste mesmo
diante de uma resposta imune adaptativa sem provocar doenga sintomatica e, para ser
transmitido, desencadeia uma resposta inflamatdria intensa que resulta em danos teciduais
significativos (CHANDRA; GRIGSBY; PHILIPS, 2022).

Dessa maneira, a TB apresenta-se em uma ampla gama de estagios que vao desde
uma infec¢ao assintomatica até uma doenca potencialmente fatal. Ao penetrar o tecido
pulmonar, M. tuberculosis atrai os macrdofagos alveolares, os quais, ao tentarem defender o
organismo da ameaga, fagocitam os bacilos e formam pequenos aglomerados chamados
tubérculos (granulomas), onde a micobactéria permanece em estado latente, podendo persistir
nessa condi¢ao por décadas (FURIN; COX; PAI, 2019).

Na fase latente, a TB ¢ assintomdtica e ndo ¢ transmitida, ao passo que no estagio
ativo, M. tuberculosis consegue se reproduzir e se espalhar pelo corpo, tipicamente quando o
sistema imunoldgico do individuo estd comprometido (HOOK, 2022).

O tratamento da doenga ¢ eficaz, alcangando altas taxas de cura quando os bacilos
respondem aos medicamentos e o regime terapéutico ¢ estritamente seguido. Durante a fase
intensiva, o objetivo ¢ diminuir rapidamente a populacdo de bacilos e eliminar aqueles que
possam apresentar resisténcia natural a algum dos medicamentos. Na fase de manutengao, o
objetivo ¢ eliminar os bacilos latentes ou persistentes, reduzindo assim a possibilidade de
recorréncia da doenga (ZHA; NAHID, 2019).

No Brasil, o Ministério da Satide recomenda que, no inicio do tratamento de adultos
e adolescentes com tuberculose pulmonar e extrapulmonar, com exce¢do das formas
meningoencefalica e ostearticular, sejam utilizados quatro medicamentos em doses fixas e
combinadas: rifampicina, isoniazida, pirazinamida e etambutol, durante os dois primeiros
meses, correspondendo a fase intensiva do esquema basico. Em seguida, ha uma fase de
manutencdo de quatro meses, durante a qual sdo utilizados apenas rifampicina e isoniazida
(BARRETO-DUARTE et al., 2021).

Apesar dos esquemas de tratamento bem consolidados, os sistemas de saude ao

redor do mundo enfrentam um desafio consideravel na busca por regimes terapéuticos eficazes
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contra a bactéria, a0 mesmo tempo em que sdo bem tolerados pelos pacientes. Infelizmente, a
rapida disseminagdo de cepas multidrogas resistentes de M. tuberculosis agrava a situagdo atual,
destacando a necessidade iminente de priorizar a descoberta de novos medicamentos
antituberculose e o desenvolvimento de abordagens terapéuticas inovadoras (HE et al., 2020).
Em 2020, o Sistema Unico de Saude (SUS) atualizou os protocolos de tratamento
da TB resistente a medicamentos, incorporando a bedaquilina e delamanida (BRASIL, 2021),
0s mais recentes antibidticos antituberculose desenvolvidos nas ultimas quatro décadas. A
bedaquilina obteve aprovacao da agéncia americana FDA em 2012 e da Agéncia Europeia de
Medicamentos em 2014, no entanto, ja foram registrados casos de cepas de M. tuberculosis
resistentes tanto a bedaquilina quanto a delamanida, corroborando a necessidade da descoberta

de drogas com novos mecanismos de acdo (TUKENME-Z et al., 2019).

7 MICOBACTERIAS NAO TUBERCULOSAS

O termo "Micobactérias Nao Tuberculosas" (MNT) ou "atipicas" engloba mais de
200 espécies do género Mycobacterium, identificadas até o momento, que nao pertencem ao
Complexo Mycobacterium tuberculosis (CMBT) e sdo distintas de M. leprae. Esses
organismos, com a capacidade de formar biofilmes, podem ser saprofitas, comensais e
simbiontes, amplamente encontrados no ambiente, frequentemente presentes no solo, no ar
(incluindo poeira e goticulas), em reservatorios de dgua e sistemas de distribuigao, estacoes de
tratamento de esgoto, equipamentos industriais e hospitalares, além de produtos alimenticios,
animais e plantas, criando possiveis fontes de contaminagdo e doenga em humanos (NQWATA;
OUEDRAGO, 2022),

As doengas oportunistas causadas pelas MNT, conhecidas como micobacterioses,
estdo emergindo como um problema de saude global. Esse fenomeno ¢ atribuido ao progresso
dos métodos de diagnostico, a ampla realizagdo de procedimentos médicos invasivos, ao
envelhecimento da populagdo e ao aumento crescente de condi¢des imunossupressoras, COmo
a infeccao pelo HIV, ao uso de medicagdes por pacientes transplantados, com neoplasias
hematoldgicas e doengas reumatologicas (JOHNSON et al., 2023).

Ao contrario das espécies do CMBT, que causam a tuberculose, as MNTs,
demonstram um grande espectro de patogenicidade, que varia desde infecgdes assintomaticas
até manifestagdes clinicas, tanto pulmonares quanto extrapulmonares, afetando diversas areas
do corpo, incluindo linfonodos, pele, ossos, tenddes, olhos, rins, entre outros (JOHANSEN;

HERRMANN; KREMER, 2020).
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Segundo dados do MS, no periodo de 2013 a 2019, foram registrados 2.731 novos
casos de doenca pulmonar causada por MNT no Brasil. A micobactéria mais frequentemente
identificada foi a M. kansasii, com 622 casos, seguida pelas espécies do Complexo M. avium,
que totalizaram 612 casos. Os sintomas pouco especificos da doenga representam um desafio
para o diagnodstico diferencial, especialmente considerando a necessidade de adaptar a

abordagem terapéutica de acordo com a estirpe causadora (BRASIL, 2021).

8 FORMACAO DE BIOFILMES MICOBACTERIANOS

Biofilmes s3ao comunidades complexas e altamente organizadas de
microrganismos, tipicamente agrupados em uma superficie solida ou liquida, e envoltos por
uma matriz polimérica composta principalmente por exopolissacarideos, lipideos, proteinas e
acidos nucléicos. Essa matriz forma uma estrutura tridimensional que mantém as células
bacterianas unidas e protegidas do ambiente ao redor (DE LA FUENTE-NUNEZ; CESARO;
HANCOK, 2023; NINO-PADILLA; VELAZQUEZ; GARIBAY-ESCOBAR, 2021).

A formacdo dos biofilmes compreende estagios distintos de crescimento:
inicialmente, as células bacterianas livres ou planctonicas se ligam a uma superficie, ocorre
uma adesdo essencialmente irreversivel e a matriz protetora ¢ secretada. Em seguida,
aglomerados celulares se formam dentro dessa matriz, as colonias se proliferam e alcangam
maturidade. Por fim, algumas células se desprendem e se dispersam, permitindo a formagao de
novos biofilmes em outras areas (SAUER et al., 2022).

Desde que o conceito surgiu, os biofilmes tém sido reconhecidos como um fator
patogénico especialmente importante em afec¢des humanas. Enquanto infec¢des agudas sao
geralmente causadas por organismos planctonicos, a patogénese de doencas cronicas parece
estar intimamente ligada a formacgao de biofilmes. Dessa maneira, a importancia clinica dos
biofilmes de micobactérias pode ser dividida em dois grupos: biofilmes em doengas causadas
por MNT e biofilmes associados a tuberculose (CHARABORTY et al., 2021).

O espectro das micobacterioses ¢ amplo, mas quase todas apresentam uma
caracteristica comum: tendem a ser cronicas. Uma das sindromes mais comuns causadas por
MNT ¢ a doenca pulmonar, que afeta tipicamente pacientes com condi¢des predisponentes,
como tuberculose prévia, doenca pulmonar obstrutiva cronica (DPOC), fibrose cistica,
bronquiectasias, infec¢do pelo HIV e transplantados. Nessa sindrome, estd bem documentado

que os biofilmes inicialmente colonizam o hospedeiro e, em seguida, podem contribuir para o
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desenvolvimento de doenga invasiva. Estudos destacam a importancia do desenvolvimento de
biofilmes na capacidade do Mycobacterium avium de invadir células epiteliais bronquicas
(AKRAM; ATTIA, 2023).

Outro grupo relevante de infecgdes causadas por micobactérias atipicas e
associadas a biofilmes sdo aquelas vinculadas a biomateriais, onde os microrganismos
colonizadores atuam como patégenos oportunistas. Diversas infecgdes relacionadas a
dispositivos médicos, como cateteres, proteses, telas abdominais, marca-passos, valvulas
protéticas, entre outros, foram identificadas. Quase todas essas condi¢des exigem a remocao do
implante, uma vez que a terapia antibidtica isolada ¢ insuficiente para erradicar os
microrganismos estabelecidos no biofilme (NQWATA; OUEDRAGO, 2022).

Assim, as cé€lulas presentes nos biofilmes representam uma adaptacao ao estresse,
exibindo perfis genéticos e proteicos especificos que lhes conferem a capacidade de sobreviver
em condi¢des adversas, persistir e causar infeccdes cronicas, além de contribuir para os
mecanismos de resisténcia aos antibidticos (OJHA et al., 2008).

No contexto especifico da TB, a habilidade do M. tuberculosis de sobreviver por
longos periodos, apesar de uma resposta imunoldgica sustentada e do tratamento com
antibioticos durante a fase ativa da doenca, € comparavel a persisténcia observada em infecgdes
cronicas causadas por patégenos que formam biofilmes (BACON; WADDELL; FLORES-
VALDEZ, 2022).

No entanto, embora ja tenha sido demonstrado que o M. tuberculosis possa formar
biofilmes in vitro, e de descobertas recentes evidenciarem a presenga de biofilmes nos pulmoes
de cobaias, contribuindo para a viruléncia e resisténcia aos antibioticos, ainda ha escassez de
marcadores moleculares e bioquimicos para confirmar sua ocorréncia in  Vvivo
(CHAKRABORTY et al., 2021).

Essas descobertas suscitam interesse nos mecanismos de formacdo de biofilme
como potenciais alvos para novas terapias. Contudo, as implicagdes clinicas ainda precisam ser
elucidadas, e estudos futuros provavelmente fornecerdo uma nova perspectiva sobre a
tuberculose como uma doenga associada aos biofilmes, complementando seus outros fatores de

viruléncia (RICHARDS; OJHA, 2014).

9 MICOBACTERIAS E RESITENCIA AOS ANTIBIOTICOS

Entre os anos 1930 e 1960, conhecido como a "era de ouro" dos antibiodticos,

ocorreu um avanco significativo no desenvolvimento de diversas classes desses medicamentos.
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No entanto, desde entdo, a descoberta de novos antibidticos tem sido limitada. O uso
indiscriminado e muitas vezes inadequado desses firmacos em humanos, animais e na produgao
de alimentos tem promovido a selecao e disseminagao de bactérias resistentes. Isso resultou na
emergéncia da resisténcia bacteriana como uma séria ameaga global a satde publica (WANG
et al, 2018).

Organizagdes ao redor do mundo reconhecem a crescente resisténcia aos
antibidticos como um problema significativo. Apesar das recomendagdes e resolugdes para
mitigar o problema, tem sido observado o surgimento continuo de numerosos patogenos
bacterianos resistentes a multiplos medicamentos. Um exemplo ¢ o M. tuberculosis
multirresistente, que representa uma ameaga substancial para os esfor¢os globais de controle da
tuberculose (ROCA et al., 2015; ASLAM, 2021).

A resisténcia bacteriana aos medicamentos envolve diversos mecanismos,
incluindo altera¢des na parede celular, biotransformacao intracelular de fairmacos, mutagdes
genéticas, bombas de efluxo e formagao de biofilmes. A classificacdo das cepas de tuberculose
(TB) quanto a resisténcia inclui monorresisténcia, polirresisténcia, resisténcia a rifampicina
(TB RR), multirresisténcia (TB MDR) e resisténcia extensiva (TB XDR) (SADERI et. al.,
2022).

No Brasil, entre 2015 e 2022, foram registrados 7.938 novos casos de TB
drogarresistente, com desafios significativos de subnotificagdo. O tratamento da TB resistente
a medicamentos ¢ complexo, prolongado e caro, frequentemente envolvendo farmacos com
efeitos colaterais severos. A situagdo ¢ agravada pela emergéncia da TB XDR, que limita ainda
mais as opgoes terapéuticas viaveis (BRASIL, 2023).

Além da TB, observa-se um aumento preocupante de infecgdes por micobactérias
nao tuberculosas (MNTSs), como M. avium, M. kansasii e M. abscessus, que também adquiriram
alta resisténcia aos antibidticos convencionais. As estratégias terapéuticas para essas infeccoes
sdo baseadas principalmente em antibidticos como macrolideos, mas sdo limitadas pela baixa
susceptibilidade das MNTs aos tratamentos disponiveis (SAXENA; SPAINK; FORN-CUNI,
2021).

Em resumo, a resisténcia bacteriana aos antibioticos representa uma séria ameaca a
saude global, com consequéncias significativas para o tratamento de doencas infecciosas. A
persisténcia desse problema ressalta a necessidade urgente de novas estratégias para o uso

racional de antibidticos e o desenvolvimento de novos agentes antimicrobianos.
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Abstract: Tuberculosis remains a significant global health concern, being the primary cause of death
from infectious diseases. Controlling the disease is challenging, particularly with the rise of drug-
resistant strains. Additionally, non-tuberculous mycobacteria are increasingly causing infections,
with limited treatment options available. Brazilian red propolis (BRP) has attracted attention due to
its potential antibacterial properties, but its efficacy against Mycobacterium is largely unexplored.
This study aimed to assess the in vitro antimycobacterial potential of BRP's crude hydroalcoholic
extract (CHEBRP), both alone and in association with standard antibiotics. The investigation in-
cluded determining the Minimum Inhibitory Concentration and Fractional Inhibitory Concentra-
tion Index, assessing the inhibition of biofilm formation, evaluating cytotoxicity in Raw 264.7 mac-
rophages, and testing efficacy against intracellular bacilli. CHEBRP showed significant activity
against most tested strains, notably against rifampicin-resistant M. tuberculosis. Administering it
alongside isoniazid and rifampicin had an indifferent effect, suggesting that its co-administration is
teasible, as, in addition to the synergistic action, propolis may offer additional benefits, such as
modulation of the immune response. Furthermore, CHEBRP inhibited mycobacterial biofilm for-
mation, demonstrated low cytotoxicity, and effectively eradicated intramacrophage bacilli. In con-
Citation: To be added by editorial clusion, CHEBRP exhibits promising antimycobacterial activity, warranting further research to

staff during production. evaluate its in vivo effects and efficacy against Mycobacterium species.
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Currently, there are more than 190 recognized species of Mycobacterium, the only ge-
nus in the Mycobacteriaceae family, which mostly comprises saprophytic microorganisms
Capysight: © 3004 by the puttioss; found in water and soil. However, some strains are of public health interest because they
Submitted for possible open access  CAUSE tuberculosis (Mycobacterium tuberculosis Complex), and others, classified as non-tu-
publication under the terms and  Derculous mycobacteria (NTM) or atypical, are associated with pulmonary, cutaneous,
conditions of the Creative Commons  and disseminated infections, especially in immunocompromised individuals [1, 2].
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Mycobacteria have a peculiar cell wall composed of arabinogalactan and long-chain
branched fatty acids called mycolic acids, which confer the property of alcohol-acid re-
sistance observed by Ziehl-Neelsen staining [3]. Moreover, this structure is related to the
survival of bacteria inside macrophages [4], with mechanisms of resistance to antibiotics
and the ability to aggregate bacteria and form biofilms, which significantly contribute to
pathogenicity and increased virulence [5].

Indeed, more than 140 years have passed since the German bacteriologist Robert
Koch identified Mycobacterium tuberculosis as the etiological agent of tuberculosis [6], and
the disease, one of the oldest and deadliest in humanity, still represents a serious challenge
for health systems [7].

Proof of this is that in 1993, tuberculosis (TB) was considered by the World Health
Organization (WHO) as a global public health emergency. Another milestone related to
the disease was the year 2014, when the World Health Assembly promulgated coping
strategies and approved a document called The End TB Strategy, whose goal would be a
95% reduction in the global incidence of the disease by 2035 [8].

Despite all the effort employed and TB being a treatable and curable disease, the
number of deaths has risen again in Brazil and worldwide in 2022. Updated data from the
WHO reveal that the disease occupies the thirteenth position in general causes of death
and the second in deaths from infectious diseases, only behind COVID-19 [9].

In Brazil, the basic treatment recommended for adults and adolescents is carried out
for six months with the administration of four first-line drugs such as isoniazid, rifam-
picin, ethambutol, and pyrazinamide, and the scheme seeks to obtain rapid bactericidal
activity, prevent the emergence of microbial resistance, and eliminate all bacilli, whether
in pulmonary cavities, inside closed caseous lesions, or inside macrophages [10].

However, it should be noted that, in recent decades, the inadequate or incomplete
use of medications has contributed to the selection of mutant bacilli resistant to antituber-
culosis agents, which represents a serious threat to attempts to control the disease world-
wide [11]. It has already been reported that, for drugs such as bedaquiline and delamid,
last approved by the Federal Drug Administration (FDA), resistant strains have also been
isolated [12].

Similarly, infections caused by NTM species such as M. avium and M. kansasii, con-
sidered opportunistic and emerging pathogens in various parts of the world, are difficult
to treat and may not respond to medications. Moreover, their ability to form biofilms and
their persistence in water systems, pipes, instruments, and hospital equipment constitute
important sources of contamination [13].

Thus, faced with so many challenges and in the search for treatment alternatives,
contemporary science has sought solutions in nature and concentrated efforts on the study
of bioactive principles derived from natural products. In this logic, propolis has gained
notoriety in recent times in various parts of the world, and this can be evidenced by the
growing number of publications on its chemical composition and biological properties
[14, 15].

Propolis is a substance produced by bees from resins, gums, and balsams collected
from plants, mixed with salivary secretions, wax, and pollen. The extraction process with
hydroalcoholic solvents allows for obtaining a crude extract whose characteristics, such
as aroma, color, and flavor, vary according to the botanical origin and concentration of
soluble elements [16].

More than 300 compounds from different types of propolis have already been iso-
lated, especially flavonoids, terpenes, and terpenoids [17], and many of them have proven
biological activities. Thus, there are many publications demonstrating the antibacterial
[18], antioxidant [19], antiparasitic [20], antifungal [21], antiviral [22], antitumor [23], and
immunomodulatory [24] potential of propolis, which can even act synergistically and in-
tensify the action of other drugs commonly used in medical practice [25].

According to the chemical composition, physical aspects, and regions of the country
where they are found, Brazilian propolis was divided into twelve classes [26] until,
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in 2007, independent works [27, 28] chemically characterized a new type, Brazilian red
propolis (BRP), while another group identified its main botanical origin as being Dalber-
gia ecastaphyllum, whose occurrence occurs especially in the mangroves of the Northeast
region of Brazil [29].

Recently, phytochemical and chromatographic analyses confirmed that Symphonia
globulifera L.f. (Clusiaceae) is also a secondary plant source, contributing a variety of
chemical constituents to the composition of BRP, mainly polyprenylated benzophenones
[30].

The antibacterial potential of BRP, attributed to the flavonoids that constitute it
(mainly isoflavonoids and prenylated benzophenones), has already been confirmed
against various types of bacteria [31, 32] however, the search in databases for articles re-
lated to the antibacterial potential of the product against the genus Mycobacterium revealed
an absence of studies in this area.

Given the above, the importance of discovering new drugs with antimycobacterial
capacity is clear, and BRP, being composed of substances with great antibacterial potential
already demonstrated in studies involving other genera of bacteria, has stood out in this
sense [33]. However, as already mentioned, no works have been found to date in the da-
tabases searched that demonstrate, specifically, whether the crude hydroalcoholic extract
of Brazilian red propolis (CHEBRP) has activity against mycobacteria.

This study aimed to investigate the antimycobacterial activity of CHEBRP against
planktonic cells and its ability to inhibit, in vitro, biofilm formation in mycobacterial spe-
cies. Furthermore, it was assessed whether CHEBRP presents synergistic activity with ref-
erence antimycobacterial agents. In addition, considering the immune evasion mecha-
nisms developed by mycobacteria that allow them to survive within macrophages, this
study aimed to evaluate the ability of CHEBRP to combat intracellular bacilli. The focus
was to contribute information for the development of new therapeutic agents derived
from natural products, which may present new mechanisms of action and be associated
with fewer adverse effects compared to synthetic drugs.

2. Results

2.1. Evaluation of in vitro antimycobacterial activity and synergistic effects

The antimycobacterial activity of CHEBRP was assessed both individually and in
combination with the reference antibiotics isoniazid (INH) and rifampicin (RIF) by deter-
mining the Minimal Inhibitory Concentration (MIC) and employing the Fractional Inhib-
itory Concentration (checkerboard assay), respectively. The MIC values of CHEBRP
ranged from 31.25 pg/mL to 250 ug/mL. The best results were observed against M. tuber-
culosis strains: H37Rv (ATCC 27294) and a clinical isolate, both with MIC of 62.5 pg/mL.
Notably, the rifampicin-resistant strain (TB RR) showed the lowest MIC among the tested
mycobacteria (31.25 ug/mL). Regarding M. avium (ATCC 25291) and a clinical isolate, both
exhibited identical MICs of 250 pug/mL, as did M. kansasii (ATCC 12478) and a clinical
isolate, with MIC values of 125 pg/mL. The minimum inhibitory concentrations of
CHEBRP and antibiotics are shown in Table 1.
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Table 1 - MIC (ug/mL) results of CHEBRP, INH and RIF against mycobacteria

Strains CHEBRP INH RIF
M. avium (ATCC 25291) 250 >1.0 0.06
M. avium (Clinical Isolate) 250 0.25 0.03
M. kansasii (ATCC 12478) 125 05 0.125
M. kansasii (Clinical Isolate) 125 0.5 0.125
M. tuberculosis (ATCC 27294) 62.5 0.25 0.06
62.5 0.5 0.06

M. tuberculosis (Clinical Isolate)
M. tuberculosis RR (Clinical Isolate) 31.25 0.06 >200

MIC - Minimum Inhibitory Concentration; ATCC - American Type Culture Collection; CHEBRP - Crude Hydroalcoholic Extract of
Brazilian Red Propolis; INH - isoniazid; RIF — rifampicin; RR - rifampicin-resistant.

The results obtained for the Fractional Inhibitory Concentration Index (FICI) after
evaluating the interaction between CHEBRP and the antibiotic INH, as demonstrated in
Table 2, revealed values ranging from 2.0 to 4.0. These data did not show synergistic or
antagonistic effects, meaning the association was indifferent to the tested mycobacterial
strains.

Table 2 - Determination of the synergistic activity of the CHEBRP in combination with INH against Mycobacterium strains

MIC alone MIC combined
Strains (ug/mL) (ug/mL) FIC FICI Outcome
CHEBRP INH CHEBRP INH CHEBRP INH
M. tuberculosis (ATCC 27294) 62.5 0.25 62.5 0.25 1.0 1.0 2.0 indifferent
M. tuberculosis (Clinical Isolate) 62.5 0.5 62.5 0.5 1.0 1.0 2.0 indifferent
M. tuberculosis RR (Clinical Isolate) 31.25 0.06 62.5 0.03 2.0 0.5 2.5  indifferent
M. kansasii (ATCC 12478) 125 0.5 250 1.0 2.0 2.0 4.0  indifferent
M. kansasii (Clinical Isolate) 125 0.5 125 1.0 1.0 2.0 3.0 indifferent

MIC - Minimum Inhibitory Concentration; ATCC - American Type Culture Collection; CHEBRP — Crude Hydroalcoholic Extract of
Brazilian Red Propolis; INH - isoniazid; RR - rifampicin-resistant; FIC — Fractional Inhibitory Concentration; FICI - Fractional In-
hibitory Concentration Index.

Similarly, for the antibiotic RIF, the FICI results indicated that the interaction with
CHEBRP resulted in indifferent effects, with values ranging between 1.5 and 4.0, as shown
in Table 3. In the case of the M. tuberculosis RR strain, known to be resistant to RIF, no
synergy test was conducted with this antibiotic.
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Table 3 - Determination of the synergistic activity of the CHEBRP in combination with RIF against Mycobacterium strains

MIC alone MIC combined
Strains (ng/mL) (ug/mL) FIC FICI  Outcome
CHEBRP  RIF CHEBRP RIF CHEBRP RIF
M. tuberculosis (ATCC 27294) 62.5 0.06 62.5 0.03 1.0 0.5 ik indifferent
M. tuberculosis (Clinical Isolate) 62.5 0.06 62.5 0.06 1.0 2.0 2.0 indifferent
M. kansasii (ATCC 12478) 125 0.12 250 0.24 2.0 20 4.0 indifferent
M. kansasii (Clinical Isolate) 125 0.12 250 0.06 2.0 05 25 indifferent

MIC - Minimum Inhibitory Concentration; ATCC - American Type Culture Collection; CHEBRP - Crude Hydroalcoholic Extract of
Brazilian Red Propolis; RIF - rifampicin; FIC - Fractional Inhibitory Concentration; FICI - Fractional Inhibitory Concentration In-
dex.

2.2. Inhibition of biofilm formation

The antibiofilm activity of CHEBRP and INH, utilized as the control antibiotic, was
evaluated by assessing the reduction in biomass. This evaluation involved determining
the MICBso, which represents the lowest concentration of antimycobacterial agents that
exhibited 50% or more inhibition of biofilm formation. Additionally, a cell viability test
was conducted using MTT. Overall, for all analyzed mycobacteria, significant reductions
in the biomass of monospecies biofilms were observed compared to untreated controls.
For M. tuberculosis ATCC and clinical isolate, the MICBso of CHEBRDP, with a value of 62.5
pg/mL, coincided with the MIC results obtained for planktonic cells and decreased the
biomass amount by 60.6% and 59.6%, respectively. The MICBs values for M. tuberculosis
RR, M. kansasii ATCC, and clinical isolate of M. kansasii were 125, 500, and 250 pg/mL,
respectively. These values, along with the other concentrations of CHEBRP and their cor-
responding percentages of inhibition of mycobacterial biofilm formation determined
through the crystal violet biomass determination test, are presented in Table 4. The MICBso
values were highlighted with stripes for easier identification.

Table 4 — CHEBRP concentrations and their inhibitory effectiveness (%) on mycobacterial biofilm formation

M. tuberculosis M. tuberculosis M. tuberculosis RR M. kansasii M. kansasii
(ATCC 27294) Clinical Isolate Clinical Isolate (ATCC 12478) Clinical Isolate
(pg/mL) (%) (ng/mL) (%) (ug/mL) (%) (ng/mL) (%) (ug/mL) (%)
31.25 49.50 31.25 34.76 31.25 29.28 31.25 36.97 31.25 45.14
*62.5 60.58 *62.5 59.63 62.5 45.22 62.5 38.62 62.5 47.78
125 61,66 125 61.61 E125 66.93 125 48,88 125 49.88
250 61.90 250 68.39 250 71.60 250 49.05 *250 76.98
500 66.0 500 69.50 500 72.95 *500 72.84 500 78.67
1000 69.25 1000 71.38 1000 75.55 1000 76.62 1000 83.03
2000 70.72 2000 73.10 2000 78.02 2000 79.00 2000 84.62

CHEBRP - Crude Hydroalcoholic Extract of Brazilian Red Propolis; ATCC - American Type Culture Collection; RR - rifampicin-
resistant. The highlighted concentrations (*) correspond to MICBso.
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Isoniazid, a crucial drug in the treatment of tuberculosis and other mycobacterial
infections, demonstrated a high capacity for inhibition in vitro of biofilm formation and
reduction of bacterial metabolism across all strains, even at the lowest concentrations em-
ployed in the assays. For M. tuberculosis ATCC and TB RR, the MICBso values were 0.06
ug/mL, with a reduction in biomass of 59.7% and 63.6%, respectively. The MICBso values
for clinical isolate strain of M. tuberculosis, M. kansasii ATCC, and clinical isolate of M.
kansasii were 0.5, 0.015, and 0.125 pig/mL, with percentages of biofilm formation inhibition
of 68.5%, 55.0%, and 68.0%, respectively, compared to untreated controls. These data,
along with the remaining inhibition percentages obtained at other concentrations, are
available in Table 5.

Table 5 - INH concentrations and their inhibitory effectiveness (%) on mycobacterial biofilm formation

M. tuberculosis M. tuberculosis M. tuberculosis RR M. kansasii M. kansasii
(ATCC 27294) Clinical Isolate Clinical Isolate (ATCC 12478) Clinical Isolate
(pg/mL) (%) (ug/mL) (%) (ug/mL) (%) (pg/mL) (%) (ug/mL) (%)
0.015 46.14 0.015 20.53 0.015 33.83 *0.015 55.03 0.015 40.61
0.03 46.84 0.03 31.29 0.03 4891 0.03 64.85 0.03 47.94
*0.06 59.72 0.06 3947 *0.06 63.61 0.06 76.17 0.06 48.40
0.125 70.91 0.125 47.51 0.125 78.87 0.125 81.19 E(N25 68.03
0.25 74.51 0.25 48.87 0.25 83.29 0.25 82.41 0.25 70.50
0.5 81.16 05 68.53 0.5 85.99 0.5 83.80 0.5 73.11
1.0 95.30 1.0 86.33 1.0 88.75 1.0 84.63 1.0 86.99

INH - isoniazid; ATCC - American Type Culture Collection; RR - rifampicin-resistant. The highlighted concentrations (*) correspond
to MICBso.
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Concomitantly with the reduction in biomass, the MTT viability assay demonstratec
that both CHEBRP and INH exhibited significant and dose-dependent inhibitions in the
metabolism of mycobacteria within the biofilms. These correlations can be observed it
Figure 1 and Figure 2.
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Figure 1 - CHEBRB Biofilm Inhibition. Relation between biomass reduction (Crystal Violet) and bacterial viability (MTT) in
biofilms of M. tuberculosis and M. kansasii ATCC and Clinical Isolates. The mycobacteria were treated with serial dilutions of
CHEBRP (ranging from 31.25 to 2000 ug/mL). The control group corresponds to microorganisms incubated only with culture
medium. Results were expressed as optical density (OD). The bars corresponding to the MICBso values are highlighted. Data are
presented as mean + standard deviation from experiments performed in triplicate. RR - rifampicin-resistant
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Figure 2 - INH Biofilm Inhibition. Relation between biomass reduction (Crystal Violet) and bacterial viability (MTT) in biofilms
of M. tuberculosis and M. kansasii ATCC and Clinical Isolates. The mycobacteria were treated with serial dilutions of INH ranging
from 0.015 to 1.0 pg/mL). The control group corresponds to microorganisms incubated only with culture medium. Results were
expressed as optical density (OD). The bars corresponding to the MICBso values are highlighted. Data are presented as mean *
standard deviation from experiments performed in triplicate. RR — rifampicin- resistant
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2.3. Cytotoxicity test

Before evaluating the intramacrophage inhibition capacity of CHEBRP, a cytotoxicity
assay was conducted using murine macrophages (Raw 264.7 lineage). The cells were ex-
posed to CHEBRP at different concentrations (4-512 ug/mlL), as well as the standard anti-
biotic, INH, at various concentrations (0.19-25 pug/mL).

As evidenced in Figure 3A, CHEBRP demonstrated cytotoxicity to macrophages at
the four highest concentrations tested (64 to 512 ug/mL), while no significant reductions
in cell viability were observed at other concentrations compared to the control. This pat-
tern was also observed at the two concentrations of DMSO used (0.6 and 1.2%) and at all
concentrations of the antibiotic INH, as illustrated in Figure 3B.
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Figure 3 - Cell viability by MTT. Raw 264.7 cells were treated for 72 hours in twofold serial dilutions ranging from 4.0 to 512
pg/mL for CHEBRP (A) and from 0.19 to 25 pg/mL for INH (B). Raw 264.7 cells were treated with culture medium only (control
group) and DMSO at 0.6 and 1.2% which are the percentages of solvent used in highest CHEBRP concentrations (256 and 512
pg/mL, respectively). Cell viability was expressed in percentage (cell viability %), with the absorbance of cells incubated only
with culture medium considered as 100% viability. Data are expressed as means + standard deviation of experiments performed
in eight replicates. Significant differences detected by the Kruskal-Wallis test and Dunn's multiple comparison test are labeled
(statistically significant when P < 0.05).

2.4. Intracellular anti-mycobacterial activity

The results of the assessment of intramacrophage activity of CHEBRP through lumi-
nescence testing demonstrated a remarkable capacity for intracellular elimination of this
substance in both strains of M. tuberculosis evaluated and at both concentrations tested for
each. The efficacy of the red propolis extract against the ATCC strain was significantly
superior to that of INH, especially at the concentration of 62.5 ug/mL, equivalent to its
MIC (Figure 4A). Meanwhile, the inhibitory activity of CHEBRP against M. tuberculosis TB
RR was comparable to that of the control drug, with both showing significant inhibition
(Figure 4B).
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Figure 4 — Intracellular Activity of CHEBRP in Raw 264.7 Cells Infected with M. tuberculosis ATCC (A) and TB RR (B). Raw
264.7 cells were infected (MOI 1:10), treated for 72 h with CHEBRP and INH at concentrations corresponding to the MIC and %2 MIC
obtained from each strain. After 3 days, macrophages were lysed, and mycobacterial viability was determined using the BacTiter-
Glo™ luminescence assay and expressed as a percentage (mycobacterial proliferation %), with luminescence from untreated infected
cells considered as 100% viability (Control). Data are expressed as means + standard deviation of experiments performed in six
replicates. Significant differences detected by the Kruskal-Wallis test and Dunn's multiple comparison test are labeled (statistically
significant when P <0.05).

3. Discussion

MIC assays are valuable for evaluating the antibacterial activity of natural products,
although standardization challenges persist [34]. In this study, MIC of CHEBRP and con-
trol antibiotics were determined using the microdilution method in broth, as per CLSI
M24S guidelines [35], and visually read after resazurin staining, following the Resazurin
Microtiter Assay Plate (REMA) protocol [36].

Interpretations of the antibacterial potential of natural products vary widely. For in-
stance, one group interpreted MIC values according to the following criteria: results be-
low 100 pg/mL were considered to have good antimicrobial activity; between 100 and 500
pg/mL, moderate activity; between 500 and 1000 pg/mL, weak activity; and MIC values
greater than 1000 ug/mL were considered inactive [37]. On the other hand, some research-
ers accept MIC < 200 pug/mL as indicative of good activity, especially concerning M. tuber-
culosis [38, 39], while for another group, alcoholic plant extracts with MIC values < 512
pg/mL show promise for the development of antituberculosis compounds [40].

Considering these references and comparing them with the results of this study, it is
clear that CHEBRP demonstrated an overall satisfactory performance, with MIC values
ranging from 31.25 ug/mL to 250 pg/mL. This highlights its promising potential for the
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development of antimycobacterial compounds, particularly notable in M. tuberculosis
strains.

The literature highlights the broad antibacterial spectrum of Brazilian red propolis
(BRP) against various species [41], but specific studies on its activity against the genus
Mycobacterium were not found in the consulted databases. Our study fills this gap by
providing preliminary data to understand the potential of BRP as a natural product de-
serving exploration for the development of new drugs capable of combating infections
caused by mycobacteria.

Propolis and its derivatives contain a variety of chemical compounds, such as poly-
phenols, flavonoids, and fatty acids, which have demonstrated efficacy against various
microorganisms. These compounds can act in several ways, including damaging the bac-
terial membrane or cell wall, inhibiting cell division, reducing energy supply, altering
membrane potential, and modulating the immune system [42]. Due to the growing inter-
est in their medicinal properties, studies have documented significant interactions be-
tween propolis extracts and drugs, which can result in substantial benefits or potential
clinical risks, depending on whether the effects manifest synergistically or antagonisti-
cally [43].

The synergistic effect of CHEBRP was evaluated in combination with the antibiotics
INH or RIF, reference drugs indicated for all forms of tuberculosis, including new, ad-
vanced, and chronic cases. The results of the associations between the red propolis extract
and the drugs were indifferent. The obtained FICI values revealed that the mechanism of
action of one compound did not interfere with enhancing or diminishing the effect of the
other.

Although no increase in the effectiveness of the evaluated antituberculosis agents
was identified when combined with CHEBRP, the results obtained in this study are rele-
vant because simultaneous use of propolis with other drugs may have benefits beyond
synergistic action. In vivo studies have demonstrated that the coadministration of propolis
and cefixime resulted in significant improvements in the overall condition of mice infected
with Salmonella enteric serovar Typhimurium. This treatment modulated the immune sys-
tem, leading to a reduction in bacterial load, an increased survival rate, normalization of
hematological parameters, and reduced toxicity in the kidneys, spleen, and liver. The pro-
tective effect on organs was attributed to propolis and its remarkable antioxidant and free
radical-neutralizing properties, corroborating that the effects of propolis extend beyond
synergistic action with antibiotics [44, 45].

However, it is important to emphasize that the effects observed were only in vitro
models, highlighting the need to confirm these results through animal studies or clinical
trials in humans to determine the real effectiveness of the combination of CHEBRP with
antibiotics.

In addition to investigating the antimycobacterial potential of CHEBRP alone and in
combination with antibiotics against planktonic cells, this study also evaluated its ability
to inhibit, in vitro, biofilm formation. This assessment is relevant because cells within bio-
films represent an adaptation to stress, exhibiting specific genetic and protein profiles that
confer upon microorganisms the ability to survive in adverse conditions, including the
presence of antibiotics. Studies have demonstrated that biofilms present an adaptive re-
sistance to most antibiotics, being up to a thousand times more effective than their plank-
tonic forms [46, 47].

Moreover, these biofilms can circumvent host defense mechanisms, contributing to
their ability to persist and cause chronic infections such as tuberculosis and those caused
by NTM. Thus, biofilms formed by mycobacteria are the subject of intense research in
microbiology due to their unique and significant characteristics, both in clinical and envi-
ronmental contexts [48, 49].

Antibiofilm substances can have preventive effects, avoiding biofilm formation, or
therapeutic effects, acting on established biofilms. CHEBRP demonstrated this efficacy by



45

Molecules 2024, 29, x FOR PEER REVIEW 12 of 20

reducing the biomass of mycobacterial biofilms from the strains used in this study. Addi-
tionally, the MTT assay revealed that both CHEBRP and the antibiotic INH were effective
in reducing the viability of mycobacteria in biofilms compared to the untreated group.
Further studies indicate that early treatment of biofilms is more effective due to the cells'
lesser adaptation to the environment. Innovative strategies are being investigated to im-
prove the treatment of mycobacterial infections, considering the differences in biofilm de-
velopment among species [50]. In this regard, our results contribute significantly to this
field.

Our study also aimed to explore the anti-tuberculosis potential of CHEBRP against
the intracellular bacilli of M. tuberculosis, considering their ability to replicate and persist
within macrophages, which protects them from certain antibiotics. Before proceeding, it
was crucial to assess whether the lowest concentrations of the extract capable of inhibiting
the growth of each strain were not toxic to the Raw 264.7 cells used, a widely recognized
in vitro model for investigating the biological functions of macrophages.

Researchers identified toxicity only at concentrations above 80 ug/mL in the same
cell line [51]. This finding supports the cytotoxicity analysis in this study, where only con-
centrations above 64 ug/mL showed a significant reduction in the viability of Raw 264.7
cells, indicating low toxicity of CHEBRP for this cell line. Regarding the cytotoxicity test,
it is important to mention that control wells containing DMSO were included to rule out
the possibility of cytotoxicity related to this substance, which is used as a solvent for the
extract. It is noteworthy that at both DMSO concentrations of 1.2% and 0.6%, present in
the highest concentrations of CHEBRP at 512 and 256 ug/mL, respectively, the observed
cytotoxicity was exclusively attributed to propolis and not to the solvent used. Finally, the
assessment of CHEBRP cytotoxicity through the MTT colorimetric method was of great
importance, as it contributes to the selection of appropriate concentrations in future ex-
perimental studies involving Raw 264.7 cells.

Our bioluminescence assay results, which utilizes firefly luciferase to emit light in
the presence of the luciferin/ATP combination and serves as a sensitive indicator of bac-
terial cell viability, revealed that CHEBRP demonstrated significant efficacy in eradicating
intramacrophage bacilli in both strains of M. tuberculosis tested. These results were com-
parable or even superior to those observed with the antibiotic INH, known for its ability
to penetrate membranes and act within phagocytic cells.

Over the years, studies have explored the effects of propolis on the immune system
through various experimental approaches, highlighting its ability to modulate the func-
tion of several cells involved in innate and adaptive immunity, such as macrophages,
monocytes, neutrophils, natural killer cells (NK), dendritic cells, and lymphocytes, en-
hancing their activity and mechanisms for combating infectious agents [52]. It has been
demonstrated that propolis stimulated the generation of reactive oxygen species (ROS),
the expression of toll-like receptors (TLR-2 and TLR-4), and the production of pro-inflam-
matory cytokines by murine macrophages, as well as increasing the fungicidal and bacte-
ricidal activity of these cells, suggesting that the product may activate mechanisms to
eliminate microorganisms [53].

Moreover, it is noteworthy that an investigation into the effects of propolis produced
in Brazil, Cuba, and Mexico showed that samples with varied chemical compositions ex-
hibited distinct activities, potentially showing either pro or anti-inflammatory action, sug-
gesting a relationship with differences in their botanical sources [54].

Therefore, based on this information and the results observed in this study, we can
conclude that the activity against M. tuberculosis harbored within Raw 264.7 cells can be
attributed to both the internalization and direct action of CHEBRP and the activation of
macrophages by the components of the extract, indicating the need for further studies in
this direction.
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4. Materials and Methods

4.1. Extraction of Brazilian Red Propolis

Red propolis raw material were obtained from the Cooperative of Beekeepers of
Canavieiras (COAPER) in Bahia, Brazil. This study was registered with the National Sys-
tem for Management of Genetic Heritage and Associated Traditional Knowledge (SisGen)
under registration number AF234D8. One kilogram of red propolis was placed in Erlen-
meyer flasks and mixed with a hydroalcoholic solution (ethanol/water 7:3). After soaking
for two hours, the propolis was ground using a mixer-type processor. The solution vol-
ume was then adjusted to a 1:5 (g/mL) ratio. The flasks were shaken in an incubator shaker
(Innova 4300TM) at 120 rpm and 37 °C for 24 hours. The mixture was subsequently filtered
through filter paper. This extraction process was repeated three times. The combined ex-
tracts were concentrated under vacuum using a rotary evaporator with a temperature set
below 40 °C. The resulting extract was lyophilized and analyzed using high-performance
liquid chromatography with a diode array detector (HPLC-DAD) to determine its chro-
matographic profile (Figure 5A).

4.2, HPLC-DAD analysis

The crude extract was analyzed using HPLC-DAD, following the developed method
from previous studies [55,56]. The extract was prepared in HPLC-grade methanol, filtered
through PTFE filters (0.45 pum), and stored in vials. Analysis was performed on a Waters®
2695 HPLC system with binary pumps, an automatic injector, and a diode array detector,
managed by Empower 3 software. The stationary phase used a Supelco Ascentis Express
C18 column (2.7 um x 150 mm x 4.6 mm) coupled with an analytical Synergi Polar-RP pre-
column (4.0 x 3.0 mm, 4 pm). The mobile phase consisted of water acidified with formic
acid (0.1%) and HPLC-grade acetonitrile, with a flow rate of 1 mL/min and a 10 pL injec-
tion volume. The gradient elution started with 20% acetonitrile, increased to 50% over 40
minutes, reached 100% by 90 min, held until 95 minutes, and returned to 20% by 100
minutes. Detection spanned 210-600 nm, focusing on 280 nm for chromatogram A. The
identification of the major compounds was performed according to Aldana-Mejia et al.,
2021 (Figure 5B).
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Figure 5 — (A) Brazilian red propolis chromatographic profile using HPLC-DAD at 280 nm absorption.
Peaks are numbered (A) with respective chemical structures and names shown below (B).
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4.3. Commercial drugs

Isoniazid (INH) and rifampicin (RIF) were acquired from Sigma-Aldrich (St. Louis,
MO, USA). Stock solutions were prepared according to the manufacturer’s instructions,
initially at a concentration of 10.000 pug/mL, aliquoted, and kept frozen until the time of
use.

4.4. Mycobacteria strains

M. tuberculosis H37Rv (ATCC 27294), M. avium (ATCC 25291) and M. kansasii ATCC
12478) were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA).

Clinically isolated strains of M. tuberculosis, M. avium and M. kansasii were kindly
supplied by the Adolfo Lutz Institute (Sao Paulo — SP) and are part of the culture collec-
tion of the Laboratory of Antimicrobial Testing (LEA), maintained under cryopreserva-
tion at -80°C.

M. tuberculosis strain with resistance to RIF (TB RR) was detected through the Rapid
Molecular Test for Tuberculosis (TRM-TB) using the GeneXpert System (Cepheid), origi-
nating from a clinical isolate at the Clinical Hospital of the Federal University of Uber-
landia. It was grown in Lowenstein-Jensen medium and generously provided by the Mi-
crobiology Service of the Clinical Analysis Laboratory Unit of the same institution.

All strains were subcultured in Ogawa-Kudoh culture medium (Laborclin, Pinhais,
PR, Brazil) and incubated at 37°C for 15 days until they reached the exponential growth
necessary for the assays.

4.5. Raw 264.7 cell culture and maintenance

Murine macrophage-like Raw 264.7 cells (ATCC TIB-71) were cultured in 25 cm?
tlasks using RPMI 1640 medium (Cultilab, Campinas, SP, Brazil) supplemented with pen-
icillin at 100 U/mL, streptomycin at 100 ug (both Sigma Chemical Co., St Louis, MO, USA)
and 10% fetal bovine serum (FBS) (Cultilab, Campinas, Brazil). Cell culture was incubated
in a humidified atmosphere of 5% CO:z at 37°C. Cell culture maintenance was carried out
by serial passaging every two days, using a cell scraper, and replacing the RPMI-FBS me-
dium [57].

4.6. Determination of Minimal Inhibitory Concentration (MIC)

The MIC is the lowest concentration of an antimicrobial, measured in pg/mL, that
completely inhibits the growth of bacteria under specific in vitro conditions within a pre-
determined time frame [35]. This research assessed the antibacterial efficacy of CHEBRP
against Mycobacterium species using the broth microdilution method with Middlebrook
7H9 medium (Difco, Detroid, USA). Serial dilutions of CHEBRP, INH and RIF were con-
ducted in sterile 96-well polystyrene microplates. To prevent desiccation during incuba-
tion, the outer wells were filled with sterile distilled water, and controls for bacterial
growth and broth sterility were included. The experiment was conducted in triplicate.

In summary, CHEBRP was dissolved in 5% dimethyl sulfoxide (DMSO) to obtain final
concentrations ranging from 31.25 to 2.000 pg/mL. The inoculum was prepared by trans-
ferring a range of colonies grown in Ogawa-Kudoh (Laborclin, Pinhais, PR, Brazil) me-
dium into a tube containing glass beads with 500 uL of sterile water. A 200 pL portion
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was then transferred to a tube containing 2 mL of Middlebrook 7H9 medium supple-
mented with oleic acid, bovine albumin, sodium chloride, dextrose, and catalase
(OADC), and incubated at 37°C for 7 days, being subsequently compared with a McFar-
land scale of 1. Following this, the inoculum was adjusted to reach a cell density of 6 x
10° CFU/mL.

Standard antibiotics INH and RIF were employed at concentrations ranging from
0.015 to 1.0 pg/mL, except for the TB RR strain, for which the final concentration of the
antibiotic rifampicin was 200 ug/mL. The plates were then incubated at 37°C for 7 days.
After the incubation period, 30 UL of a 0.01% resazurin solution was added to each well
to assess bacterial growth. The plates were reincubated at 37°C for an additional 24 hours
before reading. Color change was indicative of viability following the REMA protocol [36].

4.7. Checkerboard synergy assay

The synergistic effects of combinations of CHEBRP with INH and RIF were evaluated
by fractional inhibitory concentration index (FICI) for each of the tested mycobacteria.
Checkerboard assays, based on the method described by Bhusal et al. [58] with modifica-
tions, were conducted in triplicate on 96-well plates. The strains tested included three M.
tuberculosis strains (ATCC, IC, and TB RR), as well as M. kansasii ATCC and a clinical iso-
late due to their higher MIC results. Initially, serial dilutions of CHEBRP were prepared
in 100 uL of 7H9 OADC broth in columns 1 of the plates (wells from rows A to G), starting
at four times the MIC value for each mycobacterial strain. Similarly, serial dilutions of the
antibiotics INH and RIF were prepared in wells from rows H (columns 3 to 11), starting
at four times the MIC. Combined MIC were performed in wells from columns 2 to 11,
rows A to G, containing 50 uL of 7H9 broth. For CHEBRP, 50 uL of a concentration eight
times the MIC was added to the first row of each column, followed by vertical serial dilu-
tions. For antibiotics, dilutions were performed in ten test tubes, with the first tube con-
taining a concentration four times the MIC of each strain. Then, 50 uL from tube 1 was
added to wells in column 2 of each plate up to row G. The process continued with subse-
quent tubes, with 50 pL transferred to columns 3 and so forth until tube 10, from which
the same volume was added to column 11. Subsequently, 100 uL of standardized inocula
(prepared as in the MIC assay) were added to all wells, and plates were incubated at 37°C
for seven days. Afterward, 30 uL of 0.1% resazurin solution was added, and the plates
were reincubated at 37°C for an additional 24 hours before reading. FICI were calculated
using the formula FICI = (MIC A + B/ MIC A) + (MIC B + A/ MIC B), where MIC A + B
represents the Minimum Inhibitory Concentration of drug A in combination with drug B,
and MIC B + A represents the MIC of drug B in combination with drug A. MIC A and MIC
B represent the MIC of drugs A and B when tested individually. Interpretation of results
followed these criteria: FICI < 0.5 indicated synergy; FICI > 0.5 and < 1, additive effect;
FICI 21 and < 4, indifference; and ICIF = 4, antagonism [59].

4.8. Inhibition of biofilm formation

The assay aimed to determine whether CHEBRP could inhibit monospecies biofilm
formation. Strains with MIC <125 pg/mL from Mycobacterium species were used, cultured
in Ogawa Kudoh medium at 37°C for 15 days. The procedure closely mirrored MIC de-
termination for planktonic cells, employing microdilutions of CHEBRP in 96-well plates
containing Middlebrook 7H9 broth. INH served as the standard control, with similar wells
used as positive controls. The assays were conducted in triplicate, assessing both biomass
and metabolic activity of the biofilm across different plates.

After incubation of the plates, wells were washed to remove planktonic cells, pre-
serving the biofilm. The biofilm was fixed with methanol, stained with crystal violet, and
then solubilized with 95% ethanol. Spectrophotometric reading at 570 nm was conducted
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to interpret the results. Biofilm formation was considered when the absorbance was equal
to or greater than 1.0 [60]. The percentage of inhibition was calculated using the formula:
Inhibition (%) = 100 - (average absorbance of treated wells x 100) / average absorbance of
control wells (untreated). Through the analysis of the results, it was possible to obtain the
Minimum Inhibitory Concentration of Biofilm (MICBs), defined as the lowest concentra-
tion of EBPVB that showed 50% or more inhibition of biofilm formation compared to the
positive control. [61].

To assess the metabolic activity of mycobacterial biofilms after exposure to CHEBRP,
the MTT (bromide of (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl bromide tetrazolium))
dye technique was used as a cellular viability indicator. MTT is reduced by enzymes in
live cells, forming insoluble crystals that can be measured spectrophotometrically. After
incubating the plates, supernatant was carefully removed from the wells without damag-
ing the biofilms. Subsequently, an MTT solution (5 mg/mL in PBS buffer) was added, and
the plate was incubated again. After the reaction, the liquid was aspirated and replaced
with DMSO to solubilize the formed crystals [60]. The absorbance was measured at 490
nm. The reduction in mycobacterial viability within the biofilm was calculated by com-
paring the absorbance of treated and untreated wells using the same formula as described
in the biomass reduction assay above.

4.9 .Cytotoxicity test

The cytotoxic effect of CHEBRP on murine macrophages, Raw 264.7, was evaluated
based on the protocol described by Islam et al. [62] with modifications. Initially, cells were
cultured in 96-well plates (1 x 10* cells/well) containing 200 puL of RPMI medium supple-
mented with 10% fetal bovine serum and incubated overnight at 37°C in 5% CQO:. Upon
reaching 80% confluence, wells were washed with PBS and treated with eight concentra-
tions of CHEBRP ranging from 512 to 4 pg/mL (1:2 dilutions), with the assay performed
in triplicate.

Wells containing only cells with culture medium and cells with solvent (DMSO) were
used as controls, while INH, at concentrations ranging from 25 to 0.19 pg/mL, was em-
ployed as the standard antibiotic. After 72 hours, 100 uL of MTT reagent at 0.5 mg/mL
was added to each well and incubated in a COz incubator at 37°C for 4 hours. After this
time, the medium was aspirated, and the formazan crystals were solubilized with 100 uL
of DMSO. Finally, absorbance was measured at 570 nm (Titertek Multiskan Plus, Flow
Laboratories, McLean, VA, USA), and the optical densities (OD) obtained were converted
into percentage cell viability by comparison with the control group according to the for-
mula: % Viability = (OD Treated Group x 100) / Mean OD Control Group [57].

4.10. Intracellular anti-mycobacterial activity

Raw 264.7 macrophages were exposed to a multiplicity of infection (MOI) of 10:1 of
M. tuberculosis ATCC and TB RR. Inoculums of 1x10°> CFU/well were prepared following
the MIC test. Raw 264.7 cells were cultured in RPMI medium supplemented with 10%
fetal bovine serum and adjusted to 1x10* cells/100 uL/well in 96-well plates, incubated for
24 hours at 37°C in a 5% CO2 atmosphere. The cultures were then infected and incubated
for two hours to allow bacilli internalization, followed by washing with phosphate-buff-
ered saline (PBS) to remove non-phagocytized mycobacteria. Subsequently, cells were
treated with CHEBRP and INH at concentrations equivalent to the MIC and %2 MIC of
each strain and incubated for 72 hours at 37°C in COz. Controls included wells with un-
treated infected cells and infected cells treated only with DMSO. After three days, the
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wells were washed again with PBS, the macrophages were lysed with 0.2% Triton X-100,
and bacterial viability was determined by luminescence assay [63].

4.11. Luminescent microbial cell viability assay

The cell lysates were transferred to a 96-well opaque-walled plate. Bacterial viability
assay was performed using the BacTiter-Glo™ kit (Promega), following the manufactur-
er's instructions. Six determinations were carried out for each control, CHEBRP and INH
at different concentrations. Control wells containing only medium (without cells) were
used to obtain the luminescence background, which was read on a GloMax Explorer lu-
minometer after 1 second of exposure.

4.12. Statistical analysis

All data were expressed as means + standard deviations (SD). Statistical analysis was
performed using Graph Pad Prism 8.0 (Graph Pad Software, Inc., CA, USA). One-way
ANOVA was used for analysis of variance and multiple comparisons between the means
of experiments, complemented by Tukey's test. Non-parametric data were analyzed using
the Kruskal-Wallis test and Dunn's multiple comparison test. Differences were considered
significant when P < 0.05.

5. Conclusions

Drawing upon the findings of this study, it is evident that the crude hydroalcoholic
extract of Brazilian red propolis (CHEBRP) exhibits promising in vitro antimycobacterial
activity against ATCC and clinically isolated strains, without impeding the efficacy of a
commonly used antibiotic in standard therapy. In addition to the promising effect on
planktonic cells, it was demonstrated that CHEBRP is effective in inhibiting the formation
of mycobacterial biofilms and reducing their viability. Our results also demonstrated that
CHEBRP showed significant efficacy in eradicating intramacrophage bacilli in both tested
strains of M. tuberculosis, without causing significant toxicity to the Raw 264.7 macro-
phages used.

Finally, we conclude that CHEBRP may have relevance in the discovery of new anti-
mycobacterial drugs. However, additional studies are needed to investigate its mecha-
nism of action, evaluate its in vivo effects, and determine its therapeutic potential against
species of the genus Mycobacterium.

Conflicts of Interest: The authors declare no conflict of interest.
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